Thermoacoustic NDE Imaging Induced by Deeply Penetrating Radiation by Bowen, Theodore et al.
THERMO ACOUSTIC NDE IMAGING INDUCED 
BY DEEPL Y PENETRATING RADIATION 
Theodore Bowen, Richard L. Nasoni, and Alburt E. Pifer 
Departments of Physics and Radiology 
University of Arizona 
Tucson, AZ 85721 
INTRODUCTION 
Although the use of thermoacoustic emiSSIOn in ultrasonic non-
destructive testing and in medical imaging has been discussed by Van 
Gutfeld,l among others, its application is principally confined to the use 
of laser beams and surface or thin-layer emissions. In this paper we 
propose a more general thermoacoustic method of non-destructive 
material testing in which deeply penetrating radiation generates 
thermoacoustic signals thoughout the volume of a material. These ideas 
are the outgrowth of early work by one of the authors, T. Bowen, in the 
use of thermoacoustic emissions in cosmic ray detection 2 and 
experimental checks have been carried out in particle accelerator beams) 
Their application in the field of medical imaging has recently been 
discussed in two articles; one theoretica1 4 and the other presenting 
experimental results obtained using pulsed rf current on tissue phantoms 
and a human subject.5 In these articles it was shown that many forms of 
pulsed heating radiation, e.g., non-ionizing, ionizing, acoustical, etc., will 
induce thermal stress with the resulting acoustic emission yielding image 
information. It was also shown that the received acoustic pressure 
waveforms are proportional to the gradient of a function which depends 
on local thermal properties (coefficient of thermal expansion and specific 
heat) as well as the local density and the energy absorbed per pulse. At 
low radiation power levels, the signal may be buried deeply in the noise, 
but signal averaging techniques may be used to retrieve it. The signal-to-
noise ratio for various materials is readily and reliably calculated from 
known physical data and provides a practical measure of the relative ease 
of imaging each material. 
For the purpose of non-destructive evaluation (NDE), thermoacoustic 
imaging with penetrating radiation or electic current pulses offers the 
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possibility of obtaining image contrast from regions which differ only in 
electrical conductivity, thermal expansion coefficient, or specific heat, 
and which are not revealed by conventional methods. For example, if a 
metal has inclusions which closely match the surrounding host in density 
and acoustic impedance, they will not be revealed by x-ray or ultrasonic 
imaging. If the inclusions differ in electrical conductivity due to 
differences of composition, these would be imaged in the proposed 
thermoacoustic system when electric current pulses are applied to the 
specimens. While eddy-current testing methods might also reveal such 
inclusions, the thermoacoustic technique would permit high resolution for 
deep-lying anomalies. 
Another possible application would be the thermoacoustic imaging of 
composite materials containing graphite filaments. If such material were 
irradiated, for example, by deeply penetrating rf, the reinforcing 
filaments would act as acoustic sources, and the received signal at the 
outside composite surface should be very sensitive to a lack of bonding 
between filaments and matrix, as well as to inhomogenieties and 
displacements. 
In typical NDE applications the heat pulse length would be less than 
one microsecond depositing on the order of 10 W/cm 3, which produces a 
temperature rise of a few microdegrees Celsius. In this report we review 
the predictions of the theory, present figures of merit for obtaining 
thermoacoustic signals in various materials for fixed heat pulse amplitude 
and discuss the results of a feasibility experiment to detect a brass-
copper junction by means of current pulses. 
THERMOACOUSTIC THE OR Y 
The displacements generated by a heat pulse within a material 
approximately homogeneous and isotropic with respect to the propagation 
of acoustic waves can be described in terms of longitudinal waves related 
to a displacement potential <1>, such that the particle velocity ~ is given by 
. 
u = - 'i] <1> ' 
where the dot indicates partial differentiation with respect 
can be shown6 that <1> obeys the scalar wave equation, 
'i]2 <1>_ (1/c2) ~= - «(3/PCp) fw~,t) dt , 
o 
:: - S~,t) , 
(1) 
to time. It 
(2a) 
(2b) 
where c is the longitudinal wave velocity, (3 is the volume thermal 
expansion coefficient, P is the average density, C p is the specific heat per 
unit mass, W(r,t) is the heat power deposited per unit volume in the 
vicinity of location r at time t, and S(r,t) can be regarded as the source 
function which gives rise to thermoelastic waves. It suffices for our 
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application to approximate W(r,t) by a pulse of very short duration T and 
amplitude Wf[), so that the source function is approximately 
s(!:,t) = 0 
= S(r) 
(t £ 0) 
(t> 0) 
(3a) 
(3b) 
(3c) 
Mathematically, the distribution S(r) can be viewed as a fictitious charge 
distribution which is put in place at bO. The solution of this problem is 
well known 7 in terms of the retarded potential due the charge 
distribution, and further details of the thermoacoustic solution are given 
by Bowen.2 
Principal conclusions of the theoretical analysis are: 
(a) The medium must be sufficiently homogeneous and isotropic with 
respect to wave velocity c and acoustic impedance pc such that acoustic 
waves are propagated without severe refraction or attenuation in order to 
apply the theory. This requirement is identical to that for conventional 
ultrasound echo NDE. 
(b) The acoustic signal is related to a straightforward, linear 
transform of the source distribution S(r). Hence thermoacoustic signals 
from volume heat pulses give information on the source function, Eq. (3c). 
(c) The amplitude of the thermoacoustic wave is proportional to the 
heat energy density, W.. Hence the efficiency of converting heat energy 
input into acoustic energy increases proportional to WT. In applications 
where the heat is produced electrically, the acoustic amplitude is 
proportional to the square of the electric voltage or current amplitude. 
Thus, at sufficiently high energy input, the acoustic signal can always be 
"lifted" out of the background of spurious electrical feedthrough. 
FIGURE CF MERIT 
As shown by Bowen,4 the signal-to-noise ratio (SIN) for a 
thermoacoustic signal induced by deeply penetrating radiation of pulse 
length T depositing power density W is given by 
SIN = (Tfl/2A/4kTz2)(WT)2(c2e2/P C p 2)(152n3) , 
where A is the acoustic transducer area, k is the Boltzmann constant, T is 
the absolute temperature, z is the distance from the thermoacoustic 
source to the surface transducer, c is the speed of sound, e is the volume 
coefficient of thermal expansion, P is the density, C p is the specific heat 
per unit mass, 15 is the fractional change in the tflermoacoustic source 
strength eTW Ip C p in the region being imaged, and n is a length 
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characterizing the size of the image feature. Since the m ateri al-
dependent quantities are grouped in the c2 821 p Cp2 factor, this can be 
regarded as a figure of merit F for various materials: 
2 2 2 F :: c B I p Cp • 
The figures of merit, in mixed units, are listed in Table I for various 
materials. It is evident that the figure of merit does not vary greatly 
from one material to another. Therefore, for a given heat energy density, 
image size and contrast, the SIN would be comparable with most 
materials which propagate acoustic waves without severe attenuation. 
Table I. Thermoacoustic physical parameters for various materials. The 
figure of merit F = [c{m/s)8{OC-l)/Cp{cal/g-OC)]2/P{g/cm3) in mixed units. 
Speed of Vol.thermal Specific Figure of 
Temp. Sound, c exp.coef,a Density,p heat, Ccfr merit, F 
Material (OC) (m/s) (oC-l) (g/cm 3) (cal/g- C) (c2a 2/Pcp2) 
Water 37 1524 3.64xlO-4 0.993 0.998 0.31 
Sea Water 37 1560 4.0 1.019 0.93 0.44 
Ice -20 3500 1.525 0.917 0.55 1.03 
Acrylic 20 2650 2.70 1.182 0.35 3.54 
Polystyrene 20 1396 6.30 1.056 0.32-0.35 - 6.0 
Aluminum 20 6300 0.696 2.70 0.216 1.53 
Silicon 20 8430 0.219 2.33 0.123 0.97 
Titanium 20 6000 0.270 4.50 0.113 0.46 
Iron 25 5940 0.351 7.87 0.1073 0.48 
Copper 20 4760 0.498 8.93 0.092 0.74 
Zinc 25 4210 0.891 6.92 0.0928 2.36 
Germanium 20 4920 0.183 5.32 0.074 0.28 
Lead 25 1960 0.867 11.35 0.0309 2.66 
FEASIBILITY EXPERIMENT 
In order to demonstrate the potential of thermoacoustic imaging, two 
metals, copper and brass, were chosen which have almost equal acoustic 
impedances but very different electrical resistivities. If blocks of these 
metals are silver-soldered together, the interface should give a strong 
thermoacoustic signal when electric current pulses are applied. The 
physical arrangement is sketched in Fig. 1. Blocks of copper and brass, 
each 0.5xlxl in3, were bonded together at their lxl in2 faces; the 
resulting sample was placed in the circuit of a one-turn pulse transformer 
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Fig.!. Arrangement of pulse transformer, copper-brass interface, 
glass for acoustic delay, and acoustic transducer. 
secondary so that the current flowed parallel to the copper-brass 
interface. The 2-cm-dia. 0.5 MHz transducer viewed the interface through 
1 in. of glass to delay the arrival of the acoustic signal. The 47-turn 
primary was driven by a hydrogen thyratron with a 0.4 ]Jsec pulse having 
an amplitude adjustable up to 3 kV. It is estimated that the peak 
secondary current reached 3x103 Amp. 
A block diagram of the electronics is shown in Fig. 2. The transducer 
output entered a low noise preamplifier whose band-pass was matched to 
the transducer response by the LC parallel resonant circuit shown in Fig. 
2. The acoustic signal finally entered a 32-K word 8-bit transient 
waveform digitizer, which was connected to a PDP 11/34 computer 
system via a CAMAC hardware interface. The computer was programmed 
to store single transients, or to record the average of any desired number 
of successive transients. The computer output was displayed to resemble 
a conventional oscilloscope trace on a Tektronix 4012 storage display. 
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Fig. 2. Block diagram of the electronics. 
The observed signals corresponding to pulser voltages differing by a 
factor of two are shown in Fig. 3. The ordinate has been rescaled by the 
same factor of two so that electrical feedthrough from the heating 
voltage should appear with the same amplitude in Figs. (3a) and (3b). An 
acoustic signal is clearly seen in Figs. (3a) and (3b) which has double 
amplitude in Fig. (3b) relative to the electrical feedthrough signals. The 
initial peak occurs with a delay of B.05 jlsec, in good agreement with the 
expected 7. 9±0. 7 sec. 
Figure 4 shows that all our data is in good agreement with 
expectations for thermoacoustic signals: acoustic signal amplitude must 
be proportional to voltage squared for electrical heating. The vertical 
offset at (kV)2 = 0 is due to the dc offset of the waveform digitizer. 
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Fig. 3. 
(a) 
( b) 
,\ 
Observed signals with thyratron pulser voltages of (a) 1.5 kV 
(average of 10 waveforms) and (b) 3.0 kV (average of 2 
waveforms). The length of the trace corresponds to 18.511sec. 
The vertical scale for (a) is multiplied by a factor of 2 
relative to (b), so electrical feedthrough from the heating 
current pulse appears with the same amplitude in (a) and (b), 
whereas the thermoacoustic acoustic signal amplitude is 
doubled in (b). A small shift of the zero level (dashed line) is 
due to unrelated instrumental effects. 
The maximum heat energy densit~ in this study corresponds to 0.2 
llJ/cm 3 in the copper and 0.07 ~J/cm in the bra!3s. At this level, the 
thermoacoustic signal could be seen in individual pulses, although most of 
the data was taken averaging two or more successive pulses. This level is 
considerably less than the 10 ~J/cm3 order of magnitude mentioned in the 
Introduction because that estimate is for heat anomalies extending over a 
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(kVl 2 
Peak amplitude of the first, negative-going signal peak as a 
function of the square of the thyratron pulser voltage (or its 
equivalent when an attenuator was employed). The non-zero 
intercept at (kV)2 = 0 is due to a small dc offset of the 
waveform digitizer. 
depth on the order of 1 mm, whereas this experiment studied a step-
function anomaly which extends throughout the 13 mm copper or brass 
block thickness. 
CONCLUSIONS 
The feasibility experiment with electric current heating of a copper-
brass junction demonstrates that the thermoelastic wave can readily be 
observed. Electric current pulses may be especially advantageous for 
examining the region around bolt holes in high-resistivity metals, as 
current pulses can be induced by a ferrite rod extending through the hole. 
Although a ferrite return path for magnetic flux would be desirable on the 
far side of the hole, this may not be essential. Thermoacoustic signals 
would emanate from regions of anomalous current density changes caused 
by cracks. 
Thermoacoustic imaging also might locate small regions of anomalous 
resistivity in metal or semiconductor ingots which must have uniformly 
high purity. In other cases, anomalies might be best imaged by 
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introducing heat pulses by means of x-rays if the anomaly differs only in 
expansion coefficient or specific heat from the host. 
In imaging composite materials, thermoacoustic imaging has the 
potential of transforming the imbeded component into acoustical sources 
which need only to send acoustic waves on a one-way journey to a sensing 
transducer. In some applications, this may overcome the obstacle of 
excessive attenuation for the application of conventional NDE by 
ul trason i c echoes. 
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